Xylanase (EC3.2.1.8) catalyzes the hydrolysis of the main polysaccharide chain (-1,4 xylosyl bond) in xylan, the most abundant component of plant cell walls except for cellulose. Recently, xylanase has been found to be applicable in the paper industry, replacing the use of toxic chlorinated species to remove lignin from kraft pulp. 1, 2) Most xylanases are classified into two families based on their amino acid sequence similarity, 3) glycoside hydrolase families 10 and 11 (GH10 and GH11). GH10 xylanase takes a TIM barrel structure. [4] [5] [6] [7] [8] Catalytic amino acid residues has been identified as two glutamic acid residues. 9, 10) It is known that several amino acid residues are widely conserved as well the catalytic amino acid residues, forming subsite À2 to þ1 in GH10 xylanases. [11] [12] [13] The roles of some of the amino acid residues around the active cleft have been determined by mutation analysis and structural analysis with substrate complex. [14] [15] [16] [17] [18] We noticed that an arginine residue is conserved near the proton donor glutamic acid residue in the middle of loop 4 following strand 4 in the three-dimensional structures of GH10 xylanases. Because the arginine residue is located approximately 4 # A from the glutamic acid residue and tyrosine or phenylalanine residues forming a part of subsite þ1, the arginine residue does not directly interact with the proton donor glutamic acid residue or substrate binding sites. In this study, we investigated the role of the arginine residue using two GH10 xylanases, xylanase A from Bacillus halodurans C-125 (XynA) and xylanase B from Clostridium stercorarium F9 (XynB). 19, 20) We concluded that the arginine residue plays a role in keeping the pK a of the proton donor glutamic acid residue high when the enzyme is bound with a substrate.
Materials and Methods
Construction of arginine mutants. Arginine residues of XynA and XynB were replaced by glutamic acid, lysine, or glutamine residues using mega-primer polymerase chain reaction 21) with KOD plus polymerase (Toyobo, Osaka, Japan), and the primers shown in Table 1 . Plasmid DNA of XynA and XynB prepared previously 19) were used as templates. The amplified fragments and pET28a vector (Novagen, Darmstadt, Germany) were digested with NcoI and XhoI before the ligation step, which employed a DNA ligation kit, Ligation High (Toyobo). In the construction of the expression plasmids, Ile 2 from XynA and Asn 2 from XynB were replaced by Val and Asp respectively, to produce an additional NcoI restriction enzyme site. At the C-terminus of each fragment, a Leu-Glu-His-HisHis-His-His-His sequence was added to facilitate the purification process. The expression plasmids were used to transform Escherichia coli BL21 (DE3).
y To whom correspondence should be addressed. Tel: +81-29-838-8071; Fax: +81-29-838-7321; E-mail: mkitaoka@nfri.affrc.go.jp Abbreviations: GH10, glycoside hydrolase family 10; XynA, xylanase A from Bacillus halodurans C-125; XynB, xylanase B from Clostridium stercorarium F9; pNP-X 2 , p-nitrophenyl--D-xylobioside Production and purification of the recombinant xylanases. Each transformant was cultivated at 30 C with shaking in LB medium containing 50 mg/ml kanamycin until the absorbance at 600 nm reached a level of 0.5. Protein expression was then induced by the addition of isopropyl-1-thio--D-galactoside at a final concentration of 0.5 mM, followed by further incubation for 20 h at 30 C with shaking. Mutant enzymes were purified from the cell-free extract prepared from the 100 ml culture described below. The cells were harvested by centrifugation at 15;000 Â g for 10 min and then were resuspended in 20 mM sodium phosphate buffer (pH 7.0). The resuspended cells were sonicated using a sonifier (Branson Ultrasonic Corporation, Danbury, CT, U.S.A.), and the cell debris was removed by centrifugation at 17;000 Â g for 30 min. Each enzyme was purified using an Ä KTA purifier (Pharmacia Biotech, Uppsala, Sweden) with Ni-NTA agarose (Qiagen, Hilden, Germany) and DEAE-Toyopearl (Tosoh, Tokyo) column chromatography, as described previously. 19) The homogeneity of the purified enzymes was confirmed by SDS-PAGE analysis. 22) Protein measurement and xylanase activity. Protein concentrations were determined using theoretical extinction coefficients calculated from the amino acid sequences of the proteins.
23) The E 1% 1 cm, 280 nm values calculated for the arginine mutants from XynA and XynB were 20.96 and 17.42 respectively. Xylanase activity was determined by measuring the amount of p-
24) as substrate. Reactions were performed at 40 C in 50 mM MES buffer (pH 6.6) containing 0.01% Triton X-100 and 1.3 mM pNP-X 2 . The reactions were stopped by the addition of an equal volume of 1 M sodium carbonate solution, and the amount of p-nitrophenol generated was quantified by measuring absorbance at 400 nm. One unit of xylanase activity was defined as the amount of the enzyme liberating 1 mmol of p-nitrophenol per min under the conditions described above. Xylanase activity for soluble birch wood xylan was measured using the copper-bicinchoninic acid method. 25) The soluble xylan was prepared as described previously. 26) The enzyme in 25 ml of 20 mM phosphate buffer (pH 7.0) containing 0.04% Triton X-100 was preincubated with 50 ml of various 0.2 M buffer solutions, as described below, for 3 min, and incubated with 25 ml of 0.003% substrate for 5 min. The reaction was stopped by adding 100 ml of copper-bicinchoninic acid reagent. The reaction mixture was incubated at 100 C for 15 min and kept on ice for 20 min. Reducing power was measured based on absorbance at 560 nm using xylose as the standard.
pH-Activity studies of the xylanases. To investigate the relationships between pH and enzyme activity, each enzyme solution was diluted in 0.13 mM of each of the following buffers, containing 0.01% Triton X-100 with various concentrations of the substrate (0.038-1.14 mM) at the pH levels indicated: citrate (pH 3.2 and 3.7), acetate (pH 3.9, 4.3, 4.8, 5.3, and 5.8), MES (pH 5.2, 5.6, 6.1, and 6.6), HEPES (pH 6.5, 6.9, 7.3, 7.8, and 8.3), and CHES buffer (pH 7.7, 8.2, 8.8, 9.2, and 9.7). The kinetic parameters and pK es and pK e values were calculated by curve-fitting the experimental data to the Michaelis-Menten equation (Eq. 1) and the bell-shaped curves (Eq. 2 and Eq. 3) 27) using the GraFit computer program. 28) 
(pK es1 , pK a for the nucleophile with substrate; pK es2 , pK a for the proton donor with substrate binding)
(pK e1 , pK a for the nucleophile without substrate; pK e2 , pK a for the proton donor without substrate binding) ðEq. 3Þ
The dissociation pattern of the proton donor and nucleophile is illustrated in Fig. 1 . 
TACTCGGTACCGGTAATCTGATACCAAGGACTGTTTTGCATACCGCCGG
The restriction enzyme sites are underlined and mutations are indicated by bold letters.
Results and Discussion
Modeled structure of XynA and XynB To confirm that the arginine residue was mutated, the predicted three-dimensional structures of XynA and XynB were constructed on the web site program of SWISS-MODEL (http://www.expasy.org/swissmod/) 29) based on the three-dimensional structure of GH10 xylanase from Geobacillus stearothermophilus T-6 (PDBID: 1HIZ). 30) They showed 75% and 68% amino acid sequence similarity ( Fig. 2A) with XynA and XynB respectively, suggesting the reliability of the general structure. The amino acid sequences of XynA and XynB have 51% identity and 73% similarity. The modeled structure of XynA and XynB are shown in Fig. 2B to be comparable with the template structure. The location of the conserved residues such as catalytic and substrate binding residues were topologically identical with the template. Around the proton donor residues, the structures of loop 4 were different especially in the front part due to their low similarity. That of XynB was more 
Construction of the arginine mutants
To investigate the function of the arginine residue, the strongly basic residues (Arg) in XynA and XynB were replaced by acidic (Glu), neutral (Gln), or less basic (Lys) residues. All the mutated enzymes were expressed as soluble proteins and successfully purified through the His-tag trapping system. They showed hydrolytic activities on both pNP-X 2 and xylan.
Basic characterization of the mutant xylanases
The activities of the purified mutant xylanases are listed in Table 2 . We report that the K m values toward pNP-X 2 of the mutant enzymes were identical with those of the corresponding parental enzyme. The k cat values on pNP-X 2 of the mutants were slightly less than those of the corresponding parental enzymes, especially with XynA. Specific activities for birch wood xylan also decreased slightly by the mutations, but the differences were not so significant as to establish that the arginine residue was essential in the catalytic action or substrate recognition. Additionally, it should be noted that no significant difference in the activity with the difference in the residues after substitution was observed. Hence we conclude that the arginine residue does not play a direct role in the catalysis of GH10 xylanases.
The thermal stabilities of the parental and mutant xylanases were assessed by determining the residual activity after incubation at 60 C. The half lives of the activity for mutants were smaller than those of the corresponding parental enzymes, but again the differences were not very significant, only small decreases in a stable temperature range within a few degrees. Thus we do not consider that the stabilization of the enzyme is the main role of the arginine. Furthermore, the decreases in stability did not affect the measurement of pH-activity relationships for mutant enzymes under the assay conditions used.
pH-Activity relationships of the mutant xylanases
The pH-activity relationships of the mutant xylanases were measured using pNP-X 2 as a substrate. Relative V max =K m and V max and K m values were determined at various pH levels, as shown in Fig. 3 . It is obvious that the drastic increases of the parental enzymes in K m values with the increase in pH disappeared with the mutation. The pK es and pK e values were calculated by regressing the experimental data with formulae (2) and (3), as shown in Table 3 .
Considering the dissociation of the nucleophile glutamic acid residue, small increases in both the pK e1 and pK es1 values were observed with both xylanases, but the Á 1 values (pK es1 -pK e1 ) did not change with the mutations. The arginine residue might have some weak long-range interaction with the nucleophile.
In the case of the dissociation of the proton donor glutamic acid residue, significant differences in pK es2 were observed, whereas pK e2 did not change with the mutations. The differences are obvious by comparing the difference in Á 2 (pK es2 -pK e2 ). Both the parental enzymes have positive Á 2 values, but those of all the mutants turned negative. These results suggest that the side chain of arginine residue plays an important role in keeping pK es2 value high only when the enzymes form complexes with substrates.
It should be noted that the pK es2 value of all the mutants of each parent were identical even though the charge of the replaced residues were different, indicating that the function of arginine cannot be explained only by the charge of the residue. Thus, the effect of the arginine residues should be related not merely to the charge, but to the whole structure of the arginine.
The location of the amino acid residues well conserved in GH 10 xylanases around Arg 204 in the modeled structure of XynA is schematically illustrated in Fig. 4 . The distances between the residues were almost identical with XynB, as shown in Fig. 4 . The arginine residue appears not directly to interact with substrate judging from the structure of G. stearothermophilus T-6 xylanase with substrate binding (PDB ID ). This accords with the fact that the pK e2 values did not change with the mutation of the arginine residues.
A charged nitrogen atom of Arg 204 (N2) was found to make a hydrogen bond with the phenolic oxygen atom of Tyr 239 , which fixed substrates at subsite þ1 by stacking interaction. 31) Roberge et al. substituted the conserved tyrosine residue with phenylalanine in Streptomyces lividans xylanase A and concluded that this hydrogen bond did not appear to be important for the catalytic activity. 32) Furthermore, some GH10 xylanases naturally have phenylalanine residue at the position, 12) again indicating that the phenolic hydroxyl group is not essential for the activity. These results agree with our The enzyme reaction was performed at pH 6.6 (*) or pH 7.0 (#). results that the arginine mutants that lost the hydrogen bond showed comparable activities with the corresponding wild-type enzymes.
The N" atom of Arg 204 has been found to form a hydrogen bond with the carbonyl oxygen in the main chain of the proton donor Glu 195 . Considering the two hydrogen bonds, Arg 204 might play a role as a structural clamp between proton donor Glu 195 and subsite þ1 to protect from structural changes during substrate-binding. This clamping explains the small decreases in thermal stability through the mutations. The clamping might also explain how it is that the effect of the mutation of Arg 204 appeared only with pK es2 .
The real mechanism in the decrease in pK es2 is not readily available with the experimental results above, but a possible explanation is the following: 135 . In conclusion, the conserved arginine residue plays an important role for GH10 xylanases to keep pK a of the proton donor glutamic acid high during substrate binding by clamping the proton donor and subsite þ1.
